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Most organisms, including humans,exhibit
daily rhythms in their biological activi-
ties, physiological functions, and homeo-
static mechanisms such as cell regenera-
tion, hormone production, cardiac output,
blood pressure, blood flow distribution,
and body temperature. The physiological
system responsible for these rhythms is
known as the circadian system.
Circadian changes have increasingly
become an interesting focus of research,
concerning also neurobehavioral function-
ing of healthy subjects. The impact of fac-
tors such as the sleep–wakefulness cycle
and biological time-of-day on measures
of subjective alertness has been exten-
sively studied (1, 2). Moreover, there is
compelling evidence of circadian depen-
dency also for cognitive functions such as
attention, memory, and learning (3, 4).
Recently, it has been consolidated in
different experimental models, including
mammalian brain, that the circadian clock
has a role in regulating structural synaptic
plasticity, opening the new relevant con-
cern of circadian-dependent neural plastic-
ity (5,6). Interestingly, it has been suggested
that changes in the electrical properties of
the cell membrane (intrinsic plasticity) and
in the release of neuromodulatory mole-
cules due to the internal clock can recon-
figure circuit dynamics leading individual
neurons to switch among different func-
tional networks throughout the day (5).
Daily rhythmicity in neural activity has
been further elucidated by Blautzik et al.
(7) who analyzed the daily course of con-
nectivity patterns. The authors found dif-
ferent degrees of daily modulation across
connectivity patterns, ranging from net-
works characterized by stable activity
across the day and networks with highly
rhythmic connectivity changes. Based on
the reported findings, we can infer that
the aforementioned oscillatory processes
in connectivity strength and spatial extent
would eventually determine highly indi-
vidual fluctuations of effective connectivity
over the course of the day.
Circadian rhythms show also to exert
influence on the excitability of the cerebral
cortex, as found by Lang et al. (8). In this
study, the excitability of the primary motor
cortex (M1) of healthy subjects was evalu-
ated by transcranial magnetic stimulation
(TMS) at different times of the day. Data
unveiled that both the intracortical and the
corticospinal excitability of M1 exhibited a
progressive decrease during the course of
the day.
In the last years, it has emerged that
the effectiveness and reproducibility of sev-
eral techniques able to induce neuroplastic
changes in humans, such as paired asso-
ciative stimulation (PAS), are influenced
by time-of-day of the intervention (9)
and subjected to circadian modulation. As
demonstrated by Sale et al. (10), who tested
25 subjects twice, at 8:00 a.m. and 8:00
p.m., on separate days, PAS effectiveness is
enhanced in the evening,when endogenous
cortisol is low; conversely, effects of PAS in
the evening are blocked by a single oral dose
of hydrocortisone.
Additionally, in a large study of humans
aged 50–70 years, high salivary levels of
cortisol appeared to be related with poor
performances on a wide range of cogni-
tive domains, including language, verbal
learning, processing speed, memory, and
eye–hand coordination (11).
Overall, the circadian modulation of
several neural properties and structures,
at both the microscopic and functional
levels, may deeply affect cognitive behavior,
responsiveness, and performance within
the day. Despite its potential impact, time-
of-day is rarely contemplated when brain
responses and cognitive functions are stud-
ied. As a matter of fact, in order to minimize
possible biases related to circadian effects,
some neurophysiological studies are con-
ducted with evaluations and/or interven-
tions performed at the same time of the
day. Still, these experimental designs do
not contemplate another relevant factor,
which may strongly affect the reliability
of the collected data that is the interindi-
vidual variability of the biological clock.
This physiological variability of circadian
rhythms between subjects has led to the
notion of individual chronotypes (12, 13).
The chronotype influences the organiza-
tion of physiological functions, behaviors,
and cognitive performances throughout
the day (1, 14, 15). Given the differences
in circadian rhythmicity between chrono-
types, specific individual variations in task
performance are likely to occur as a func-
tion of time-of-day. In other words, this
implies that the scheduled task may not be
necessarily synchronized to the most opti-
mal moment in the day for each tested
participant (16, 17).
The regulation of the endogenous
dynamics that characterizes a chronotype
is dictated by many factors. The thor-
ough understanding of these mechanisms
is critical to gain a comprehensive view on
their functional implications and, further,
may be considerably useful when address-
ing the experimental limitations due to
diurnal rhythmicity. Among them, corti-
sol is a main neuromodulator that medi-
ates circadian processes. The normal diur-
nal pattern of cortisol secretion has been
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fairly well characterized: its plasma con-
centration rises quickly after awaking in
the morning (cortisol awakening response)
and starts declining about 60 min after
waking (18) with a progressive decrement
during the afternoon and the evening to a
nadir ~14 h after awaking (19). The diur-
nal changes of cortisol, which remark-
ably are correlated with daily variations
of BDNF (20) and cerebral blood flow
(18, 21, 22), support the existence of a
circadian trend of cognitive performance
(4). With specific regards to daily fluctu-
ations in hemodynamic parameters, Hod-
kinson et al. (18) have recently observed
that changes in regional cerebral blood
flow within the anterior cingulate cor-
tex were closely correlated with functional
connectivity and recommend to put par-
ticular attention to possible strong cir-
cadian bias especially in the morning.
Another factor to consider is the variation
in regional brain glucose metabolism dur-
ing the day (23). High blood glucose level
could result in a stronger activation of the
hypothalamic–pituitary–adrenal axis, thus
mediating the cortisol response and subse-
quently affecting cognitive performances,
such as improved ability to retain new
information and to recall old memories,
and vigilance (24). For its possible impact
in the context of neuropsychological assess-
ment, it should be taken into account that
Micha et al. (24) found a significant decay
of glucose effects on cognitive function
approximately 2.5 h after food intake.
Up to this point, we have referred to
healthy young and adults. A different con-
dition pertains to elderly people since dys-
regulation of the circadian clock repre-
sents a natural process of aging (25). Alter-
ations in the endogenous circadian sys-
tem become even more pronounced when
considering individuals presenting neuro-
logical and/or psychiatric disorders (4).
In this regard, literature data outline that
serious disruption in sleep–wake rhyth-
micity and diurnal endogenous dynamics
is typical of Alzheimer’s disease, Parkin-
son’s disease, Huntington’s disease, major
depression, bipolar disorders, stroke, and
traumatic brain injury (4, 26, 27).
According to the previously discussed
evidence, we can argue that when dealing
with cognitive rehabilitation it is of para-
mount importance to reckon with pro-
nounced abnormal daily fluctuations of
physiological functions and cognitive per-
formance. In other words, these concerns
have potential implications for research
and clinical practice in terms of contrast-
ing results/outcomes stemming from dif-
ferences in patient’s chronotypes and inap-
propriate timing of assessment or treat-
ment delivery.
To overcome this methodological issue
some solutions are suggested. Salivary cor-
tisol monitoring probably represents the
most precise and reliable marker for the
internal pacemaker, which could allow for a
convenient characterization of the individ-
ual chronotype. Salivary cortisol sampling
has become increasingly common over the
past few years since collecting saliva rep-
resents an easy modality, which, moreover,
can be repeated at frequent intervals (18).
On the other hand, this approach might
be less affordable for the clinical context
and with limited cost-effectiveness. Other
methods could be suggested as suitable
solutions to identify individual circadian
patterns. Mental chronometry offers a lot
of paradigms, which are widely applied to
investigate the cognitive functioning. Spec-
ulatively, reaction times may represent a
reliable index to define the circadian profile
of each patient when measured for moni-
toring diurnal oscillations of cognitive abil-
ities. Alternatively, body temperature mea-
surements may also be used to track the
endogenous rhythm for their feasibility
especially in clinical settings.
This patient-tailored approach based on
personal chronobiology is recommended
in the context of modern advanced cogni-
tive rehabilitation, in particular when neu-
romodulation techniques are provided to
harness at best neural plasticity.
In conclusion, converging evidence
from neurophysiological and neuropsy-
chological literature indicates that cogni-
tive ability varies as a function of the circa-
dian processes, which may lead to discrep-
ancy between the critical time windows
for individual best cognitive performance
and the time of diagnostic assessments or
rehabilitative interventions scheduled dur-
ing the day. Cognitive performance may
thus be enhanced or impaired depending
on when it is measured. This method-
ological issue should be carefully addressed
when designing research studies in order
to collect reliable experimental data and
limit misinterpretation due to inherent
rhythmicity and individual chronotype. A
careful control for the time-of-day effects
is recommended also to attain consis-
tent and possibly better treatment out-
comes in clinical settings, thus pursuing
and fostering the emerging and highly
desirable model of personalized medi-
cine.
REFERENCES
1. Schmidt C, Collette F, Cajochen C, Peigneux P.
A time to think: circadian rhythms in human
cognition. Cogn Neuropsychol (2007) 24:755–89.
doi:10.1080/0264329070175415
2. Pomplun M, Silva EJ, Ronda JM, Cain SW, Münch
MY, Czeisler CA, et al. The effects of circadian
phase, time awake, and imposed sleep restriction
on performing complex visual tasks: evidence from
comparative visual search. J Vis (2012) 14:1–19.
doi:10.1167/12.7.14
3. Marek T, Fafrowicz M, Golonka K, Mojsa-Kaja J,
Oginska H, Tucholska K, et al. Diurnal patterns
of activity of the orienting and executive atten-
tion neuronal networks in subjects performing a
Stroop-like task: a functional magnetic resonance
imaging study. Chronobiol Int (2010) 27:945–58.
doi:10.3109/07420528.2010.489400
4. Valdez P, Ramírez C, García A. Circadian rhythms
in cognitive performance: implications for neu-
ropsychological assessment. Chronophysiol Ther
(2012) 2:81–92. doi:10.2147/CPT.S32586
5. Frenkel L, Ceriani MF. Circadian plasticity:
from structure to behavior. Int Rev Neuro-
biol (2011) 99:107–38. doi:10.1016/B978-0-12-
387003-2.00005-7
6. Elbaz I, Foulkes NS, Gothilf Y, Appelbaum L. Cir-
cadian clocks, rhythmic synaptic plasticity and the
sleep-wake cycle in zebrafish. Front Neural Circuits
(2013) 7:9. doi:10.3389/fncir.2013.00009
7. Blautzik J, Vetter C, Peres I, Gutyrchik E, Keeser D,
Berman A, et al. Classifying fMRI-derived resting-
state connectivity patterns according to their daily
rhythmicity. Neuroimage (2013) 71:298–306. doi:
10.1016/j.neuroimage.2012.08.010
8. Lang N, Rothkegel H, Reiber H, Hasan A, Sueske
E, Tergau F, et al. Circadian modulation of GABA-
mediated cortical inhibition. Cereb Cortex (2011)
21:2299–306. doi:10.1093/cercor/bhr003
9. Sale MV, Ridding MC, Nordstrom MA. Factors
influencing the magnitude and reproducibility
of corticomotor excitability changes induced
by paired associative stimulation. Exp Brain
Res (2007) 181:615–26. doi:10.1007/s00221-007-
0960-x
10. Sale MV, Ridding MC, Nordstrom MA. Cortisol
inhibits neuroplasticity induction in human motor
cortex. J Neurosci (2008) 28:8285–93. doi:10.1523/
JNEUROSCI.1963-08.2008
11. Lee BK, Glass TA, McAtee MJ, Wand GS, Bandeen-
Roche K, Bolla KI, et al. Associations of sali-
vary cortisol with cognitive function in the Bal-
timore memory study. Arch Gen Psychiatry (2007)
64:810–8. doi:10.1001/archpsyc.64.7.810
12. Katzenberg D, Young T, Finn L, Lin L, King
DP, Takahashi JS, et al. A CLOCK polymorphism
associated with human diurnal preference. Sleep
(1998) 21:569–76.
Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation October 2014 | Volume 5 | Article 150 | 2
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gobbo and Falciati Cognitive performance and circadian rhythms
13. Adan A, Archer SN, Hidalgo MP, Di Milia L, Natale
V, Randler C. Circadian typology: a comprehen-
sive review. Chronobiol Int (2012) 29:1153–75.
doi:10.3109/07420528.2012.719971
14. Blatter K, Cajochen C. Circadian rhythms
in cognitive performance: methodological con-
straints, protocols, theoretical underpinnings.
Physiol Behav (2007) 90:196–208. doi:10.1016/j.
physbeh.2006.09.009
15. Lara T, Madrid JA, Correa Á. The vigilance decre-
ment in executive function is attenuated when
individual chronotypes perform at their optimal
time of day. PLoS One (2014) 9(2):e88820. doi:10.
1371/journal.pone.0088820
16. Bennett CL, Petros TV, Johnson M, Ferraro FR.
Individual differences in the influence of time of
day on executive functions. Am J Psychol (2008)
121:349–61. doi:10.2307/20445471
17. Hahn C, Cowell JM, Wiprzycka UJ, Goldstein D,
Ralph M, Hasher L, et al. Circadian rhythms in
executive function during the transition to ado-
lescence: the effect of synchrony between chrono-
type and time of day. Dev Sci (2012) 15:408–16.
doi:10.1111/j.1467-7687.2012.01137.x
18. Hodkinson DJ, O’Daly O, Zunszain PA, Pariante
CM, Lazurenko V, Zelaya FO, et al. Circadian and
homeostatic modulation of functional connectiv-
ity and regional cerebral blood flow in humans
under normal entrained conditions. J Cereb Blood
Flow Metab (2014) 34:1493–9. doi:10.1038/jcbfm.
2014.109
19. Ranjit N, Young EA, Kaplan GA. Material hard-
ship alters the diurnal rhythm of salivary cortisol.
Int J Epidemiol (2005) 34:1138–43. doi:10.1093/ije/
dyi120
20. Begliuomini S, Lenzi E, Ninni F, Casarosa E,
Merlini S, Pluchino N, et al. Plasma brain-
derived neurotrophic factor daily variations in
men: correlation with cortisol circadian rhythm.
J Endocrinol (2008) 197:429–35. doi:10.1677/JOE-
07-0376
21. Conroy DA, Spielman AJ, Scott RQ. Daily rhythm
of cerebral blood flow velocity. J CircadianRhythms
(2005) 3:3. doi:10.1186/1740-3391-3-3
22. Wang J, Rao H, Wetmore GS, Furlan PM, Kor-
czykowski M, Dinges DF, et al. Perfusion func-
tional MRI reveals cerebral blood flow pattern
under psychological stress. Proc Natl Acad Sci
U S A (2005) 102:17804–9. doi:10.1073/pnas.
0503082102
23. Buysse DJ, Nofzinger EA, Germain A, Meltzer CC,
Wood A, Ombao H, et al. Regional brain glucose
metabolism during morning and evening wakeful-
ness in humans: preliminary findings. Sleep (2004)
27:1245–54.
24. Micha R, Rogers PJ, Nelson M. Glycaemic
index and glycaemic load of breakfast predict
cognitive function and mood in school children:
a randomised controlled trial. Br J Nutr (2011)
106:1552–61. doi:10.1017/S0007114511002303
25. Yu EA, Weaver DR. Disrupting the circadian clock:
gene-specific effects on aging, cancer, and other
phenotypes. Aging (2011) 3:479–93.
26. Boone DR, Sell SL, Micci MA, Crookshanks
JM, Parsley M, Uchida T, et al. Traumatic brain
injury-induced dysregulation of the circadian
clock. PLoS One (2012) 7:e46204. doi:10.1371/
journal.pone.0046204
27. Laaksonen K, Helle L, Parkkonen L, Kirveskari E,
Mäkelä JP, Mustanoja S, et al. Alterations in spon-
taneous brain oscillations during stroke recov-
ery. PLoS One (2013) 8(4):e61146. doi:10.1371/
journal.pone.0061146
Conflict of Interest Statement: The authors declare
that the research was conducted in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 12 September 2014; accepted: 13October 2014;
published online: 27 October 2014.
Citation: Gobbo M and Falciati L (2014) Neuromodula-
tion and cognitive rehabilitation: addressing themethod-
ological issue of circadian rhythms. Front. Psychiatry
5:150. doi: 10.3389/fpsyt.2014.00150
This article was submitted to Neuropsychiatric Imaging
and Stimulation, a section of the journal Frontiers in
Psychiatry.
Copyright © 2014 Gobbo and Falciati. This is an open-
access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited
and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not
comply with these terms.
www.frontiersin.org October 2014 | Volume 5 | Article 150 | 3
